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ABSTRACT 
Title of thesis: Development of Ruthenium Vinylbipyridine 
Modified Electrode Surfaces for Use in Chemiluminescence-
Based Detection Systems. 
Based upon the chemiluminescent properties of [Ru(bpy)3]2+ and 
the proven analytical applications of that complex in the detection 
of easily reduced anions in solution, a chromatographic detection 
system was designed utilizing an immobilized form of the Ru(ll) 
complex. The objective was to create, by electropolymerization, a 
regenerative chemiluminescent surface on a working electrode. 
Reductive electropolymerization was accomplished by the use of a 
[Ru(bpy)3]2+ analog containing the ligand vinylbipyridine. Two 
analogs, [Ru(vbpy)3][PFs]2 and [Ru(phen)2(vbpy)][PFs]2 were 
polymerized on platinum, glassy carbon and indium-doped tin oxide 
working electrodes and evaluated for chemiluminescent emission in 
an electrochemical cell using oxalate ion. When held at an oxidative 
" potential slightly above the +3/+2 couple of the complex, no 
chemiluminescence was observed from oxalate at the surface of 
either polymer. Pulsing the electrode/polymer surface between the 
potentials known for the +3 and + 1 states also did not yield 
chemiluminescence. A spectral comparison of equivalent solutions 
of [Ru(vbpy)3][PF6]2 and [Ru(bpy)3][Cl2] indicated significant 
differences between the spectra of the oxidized form of each 
solution. The oxidized form of [Ru(vbpy)3][PFs]2 also demonstrated a 
more rapid reduction to the +2 state in solution than did the oxidized 
form of [Ru(bpy)a][Cl2]. Significant luminescence intensity 
differences were also observed between the fluorescence spectra of 
ii 
[Ru(vbpy)3][PF6]2 and [Ru(bpy)3][Cl2]. These properties may prevent 
the excited state *[Ru(vbpy)3]2+ complex from deactivating via a 
chemiluminescence pathway. One possible solution to this .Problem 
would be to use a monovinyl ruthenium complex such as 
[Ru(bpy)2(vbpy)][Cl2] with increased [Ru(bpy)3]2+ character. 
iii 
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CHAPTER 1-lntroduction 
A. Tris(2,2'-bipyridine) Ruthenium(ll) Chemiluminescence and its 
Analytical Utility. 
1 
Chemiluminescence is the emission of light by means of a 
series of chemical reactions. It is a valued tool in analytical 
chemistry due to its specificity and selectivity. A chemiluminescent 
process can be considered as the reverse [eq.1] of a photochemical 
process. 
A++ s---~) *A+ 8--·~A + B + hV" [1] 
Central to both systems is the formation of a high energy, unstable 
excited state species. In the photochemical process the excited 
state is formed by the absorption of a photon by a molecule. In 
chemiluminescence the pathway to the excited state can involve 
redox reactions. When electrochemical techniques are employed as 
the source of the redox reactants, the process is described as 
electrogenerated chemiluminescence. Inherent to this type of 
chemiluminescent process is oxidative or reductive electron 
transfer. In electron-transfer chemiluminescence, one of the 
reactants serves as a light emission sensitizer. This reactant takes 
a role much like that of a catalyst, undergoing reaction into an 
excited state and cycling through radiative deactivation back to a 
ground state through either fluorescence or phosphorescence. An 
ideal light emission sensitizer has the characteristics of reversible 
redox behavior, suitable ground and excited state potentials, 
stability towards thermal and photochemical decomposition 
2 
reactions, suitable excited state energy, strong luminescence 
emission and good kinetic factors for outer sphere electron transfer 
(1). 
Since 1964, it has been known that chemiluminescence often 
results when one reacts oppositely charged ion radicals of aromatic 
substances in aprotic solvents (2). Such a system is also described 
as an anion-cation annihilation process. Emission may arise from 
systems in which both ions are derived from the same species as 
well as from systems in which radicals from different precursors 
are involved. A recognized simple mechanism for the annihilation 
reaction takes place through the lowest singlet excited state 
emitter (3) [eq.2-5]. 
R- + R'+ ____ , 1 R* + R' 
1 R*----- R + hV" 
[2] 
[3] 
This pathway is viable in energy sufficient systems. In energy 
deficient systems, the mechanism is believed to take place using 
excitation to the lowest triplet state. The emitter is then generated 
by triplet-triplet annihilation. 
R- + R'+ ___ ->3R* + R' 
3R* + 3R* / 1 R* + R 
Anion-cation annihilation reactions are very exergonic and 
take place on a very short time scale, equivalent to the time 
regarded for molecular vibration. Given these parameters, the 
[4] 
[5] 
Franck-Condon principle favors the creation of the triplet excited 
state in the redox step as a result of electron transfer (3,4). 
While ion annihilations serve as the classical example of 
chemiluminescent electron-transfer processes, another path to 
emission can involve redox excitation of metal complexes. In 1966 
Hercules and Lytle (5) demonstrated chemiluminescence with 
tris(2,2'-bipyridine)ruthenium(ll) cation, [Ru(bpy)3]2+. Figure 1 
presents the general structure of [Ru(bpy)3]2+ as well as other 
ruthenium complexes investigated in this work. Since that time 
[Ru(bpy)3]2+ along with several hundred of its ligand variants has 
become one of the most extensively studied and widely used 
molecules in pure and applied research. Ru(ll) polypyridine 
complexes have been found to satisfy most of the requirements 
needed for a light emission sensitizer. These complexes have also 
been utilized as light absorption sensitizers, facilitating research 
in areas such as chemical approaches to artificial photosynthesis 
(6), and the conversion of light energy into electrical energy via 
chemical intermediates (7). The generation of chemiluminescence 
from the ruthenium complex forms the basis of the research 
presented in this document. 
Ru 2+ is a d6 system. The polypyridine ligands possess sigma 
donor orbitals as well as pi donor and pi* acceptor orbitals in their 
aromatic configuration. Promotion of an electron from a pi-metal 
orbital to the pi* ligand orbital gives rise to a metal-to-ligand 
charge transfer (MLCT) excited state. For most Ru(ll) polypyridine 
complexes, the lowest excited state is described as a triplet MLCT. 
A more accurate description of the excited state tells of singlet-
3 
Figure 1. Ruthenium complexes investigated in this study. 
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tris(4-vinyl-4'-methyl-2,2'-bipyridyl)ruthenium(l I), [Ru(vbpy)3]2 + 
r 12+ 
-bis(1, 1 O-phenanthroline)(4-vinyl-4'-methyl-2,2'-bipyridine) ruthenium(ll), 
[Ru(phen)2(vbpy)]2+ 
triplet mixing as a product of spin-orbit coupling in the MLCT. It is 
this configuration that undergoes relatively slow radiationless 
transitions and intense luminescence emission. This particular 
emission is easily observable in fluid solutions at room 
5 
temperature, with lifetimes on the order of 10-1000 ns. The 
luminescence characteristics of a metal complex are a function of 
the ligand field strength, the intrinsic properties of the ligands that 
are attached to the metal, and the redox properties of the metal and 
the ligand. From these parameters it is possible to design complexes 
which have orbital energy positions that allow the complex to act as 
a light emitting or light absorbing sensitizer (1). 
Generation of the strongly luminescent *[Ru(bpy)3]2+ excited 
state can be accomplished through several electron transfer 
pathways. One means is to oxidize [Ru(bpy)3]+ with a species X 
having a reduction potential more positive than 0.84 V for the 
couple(X/X-). Another means is to reduce [Ru(bpy)3]3+ with 'a species 
v- whose v;v- potential is more negative than -0.86 V. Both 
[Ru(bpy)3]3+ and [Ru(bpy)3]+ can be generated from [Ru(bpy)3]2+ by 
either oxidation at + 1.26 V or reduction at -1.28 V, respectively. 
Electrochemical methods thus can play a role in obtaining 
chemiluminescence from [Ru(bpy)3]2+. One electrochemical pathway 
involves pulsing the potential applied to a working electrode 
between the oxidation and reduction potentials of [Ru(bpy)3]2+ in a 
suitable solvent. The result is the production of an excited state and 
a ground state through an annihilation reaction (1) [eq. 6-8]. 
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[Ru(bpy)3]2+ + e- [Ru(bpy)3]+ [6] 
[Ru(bpy)3]2+ - e- :> [Ru(bpy)3]3+ [7] 
[Ru(bpy)3]+ + [Ru(bpy)3]3+ *[Ru(bpy)3]2+ + [Ru(bpy)3]2+ [8] 
An aprotic solvent is suitable in such experiments to promote 
stability of the highly reactive oxidized and reduced species. The 
solvent of choice in electrogenerated chemiluminescent experiments 
is dry acetonitrile (3). An organic salt such as tetra ethylammonium 
perchlorate (TEAP) or tetra butylammonium perchlorate (TBAP) is 
employed as the supporting electrolyte. However, it should be noted 
that the [Ru(bpy)3]2+ cation shows remarkable chemical stability in 
aqueous solutions, and the chemiluminescence of the complex is 
easily demonstrated in water. Solubility of the complex is generally 
determined by the counter anion, with common anions being chloride 
or hexafluorophosphate. 
Selective electrochemistry can also be used in the continuous 
reduction of [Ru(bpy)3]2+ at a working electrode in the presence of a 
strong oxidant. This simultaneous condition is known as reductive 
oxidation. An example of this system is shown by use of the 
peroxydisulfate ion. The suggested mechanism by Bard (8) is shown 
in equations 9-13. The reduced Ru complex reacts with S20s2- to 
generate the powerful oxidant S04 -. This ion can react with the 
reduced Ru complex to produce the excited state complex. In addition 
the S04- can oxidize [Ru(bpy)3]2+ to [Ru(bpy)3]3+. 
7 
[Ru(bpy)3]2+ + e----) [Ru(bpy)3]+ 
[Ru(bpy)3]+ + S20s2- [Ru(bpy)3]2+ + S04- + S042-
[Ru(bpy)3]+ +S04- *[Ru(bpy)3]2+ + 8042-
[9] 
[1 O] 
[ 11 ] 
[Ru(bpy)3]2+ + S04- > [Ru(bpy)3]3+ +S042- [12] 
[Ru(bpy)3]+ + [Ru(bpy)3]3+ ) *[Ru(bpy)3]2+ + [Ru(bpy)3]2+ [13] 
In the opposite case, an electrochemically generated [Ru(bpy)3]3+ 
will react in the presence of a strong reductant such as oxalate ion. 
The suggested pathway to chemiluminescence is shown below. As in 
the previous example, oxalate is not the direct agent to produce 
chemiluminescence but is split into components that generate an 
excited complex state (9) [eq. 14-18]. 
[Ru(bpy)3]2+ - e----> [Ru(bpy)3]3+ [14] 
[Ru(bpy)3]3+ +C2042- [Ru(bpy)3]2++ C02 + C02- [15] 
[Ru(bpy)3]3+ +C02- *[Ru(bpy)3]2+ + C02 [16] 
[Ru(bpy)3]2+ +C02- > [Ru(bpy)3]+ + C02 [17] 
[Ru(bpy)3]+ + [Ru(bpy)3]3+ > *[Ru(bpy)3]2+ + [Ru(bpy)3]2+ [18] 
A summary of the relevant energy and electron transfer 
processes of tris(2,2'-bipyridine)ruthenium(ll) is presented in 
Figure 2 (1 ). 
Most of the pioneering work investigating electrogenerated 
chemiluminescence of tris(2,2'-bipyridine)ruthenium(ll) has been 
accomplished by Allen J. Bard of the University of Texas at Austin. 
One focus of his investigations has centered on the electrogenerated 
chemiluminescent determination of oxalate (10, 11). Bard 
Figure 2. Tris(2,2'-bipyridine)ruthenium(ll) electron transfer 
processes ( 1 ) . 
**Ru(bpy)32+ 
11;,~ =1 maximum absorption band=452nm 
8 
&=14600 -£ =0.6µs 
-0.86 v 
*Ru(bpy)32~......._ 
__ _.. ' 
+1.26 v 
' 
' I 
' I 
hY' 
0=0.04 
I 2.12eV 
' 
' ' 
+0.84 v 
-1.28 v ' ~ 
Ru (bpy)33+--ce------)Ru (bpy)32+-<------)1RU (bpy)a+ 
9 
demonstrated the possibilities of continuous light generation in a 
flow system where [Ru(bpy)3]2+ was employed as a light emission 
sensitizer for the reduction of lead dioxide by oxalate ions in an 
acidic medium. From an energy standpoint, the Pb4+/oxalate reaction 
would have the ability to produce visible light. In fact this reaction 
only produces heat. When [Ru(bpy)3]2+ is used in the reaction vessel, 
light is emitted [eq.19-23]. 
2[Ru(bpy)a]2+ + Pb02 + 4H+ )2[Ru(bpy)a]3+ + Pb2+ + 2H20 [19] 
[Ru(bpy)a]3+ + C2042- ) [Ru(bpy)a]2++ C02 + C02- [20] 
[Ru(bpy)3]3+ + C02- ) *[Ru(bpy)a]2+ + C02 [21] 
*[Ru(bpy)3]2+ ) [Ru(bpy)a]2+ + tnr [22] 
NET REACTION: 
Bard also demonstrated the generation of [Ru(bpy)3]2+ 
chemiluminescence with either oxalate or peroxydisulfate at 
working electrode surfaces in a three electrode cell under both 
aqueous and acetonitrile-water conditions (12). 
Advancing upon the electrode surface and flow system 
concepts from Bard, Neil Danielson at Miami University, Ohio, 
demonstrated chemiluminescence using mono-, di-, and 
[23] 
trialkylamines and triphenylphosphine as the reducing agents with 
[Ru(bpy)3]3+ in acetonitrile-water solution (13). General detection of 
simple amines in high-performance liquid chromatography (HPLC) is 
difficult due to their low molar absorptivities. Most methods for 
1 0 
detecting amines employ either pre- or post column derivatization. 
This problem is amplified for tertiary amines where relatively few 
derivatization methods are available. The experiment was conducted 
in conjunction with the operation of a liquid chromatographic 
system utilizing post-column chemiluminescent detection of the 
amines. Figure 3 presents a diagram of the system. 
After separation by a cyano silica column, the eluted amines 
were mixed with an electrochemically oxidized 1 mM solution of 
[Ru{bpy)3]3+ in a Pyrex mixing cell in front of a photomultiplier tube 
{PMT). Two mobile phase mixtures were evaluated: 45:55 water-
acetonitrile and 90:1 O water-acetonitrile. Ethyl through 
hexylamines were separated and detected by chemiluminescence in 
both mobile phases. The detection limits for the post column method 
ranged from 10-100 pmoles. In particular, the detection limits of 
triethylamine and tripropylamine were 10-15 times higher in the 
45:55 mobile phase. The difference was attributed to the organic 
content of the mobile phase. 
In addition, Danielson and Noffsinger {14) have observed 
chemiluminescence at various pH's for the oxidation of numerous 
aliphatic amines by [Ru{bpy)3]3+ in a flow injection analysis {FIA) 
system {Figure 4). Using an aqueous, buffered carrier phase and an 
aqueous solution of [Ru{bpy)3][Cl2] 6H20, aliphatic amines with an 
increasing number of carbon atoms were mixed with the oxidized 
[Ru{bpy)3]3+ in the same fashion as the separation experiment. The 
chemiluminescent response of the analytes as a function of pH was 
evaluated as well as their detection limit and linear range 
Figure 3. Post-column chemiluminescent reactor. From ref. 13 
PD 
Pl I 
P2 
Column 
w 
p 
M 
T 
1 1 
Schematic diagram of the HPLC system with the post-column 
chemiluminescent reactor. P1 = HPLC pump; PD = pulse dampener; I = 
injector; P2 = peristaltic pump; PMT = photomultiplier tube; W = 
waste. 
Figure 4. Flow injection analysis chemiluminescent reactor. From 
ref. 14. 
A. FIA chemiluminescent system 
P1 I 
Buffer-
B. Spiral T-flow cell . 
w 
Legend: P1 = peristaltic pump; I = injector; P2 = peristaltic 
pump; PMT = photomultiplier tube; W = waste. 
1 2 
1 3 
application. In general the reaction of [Ru(bpy) 3 ]3 + with 
trialkylamines exhibited the most intense emission. In addition, an 
increase in luminescent signal was realized between pH's 4.5 and 
6.0. The detection limits ranged from 222 to 4.0 ppb with tertiary 
amines being the most sensitive. Since the mechanism for the 
chemiluminescence process is a charge transfer reaction, these 
results follow from the general order of the ionization potentials of 
alkylamines: primary> secondary> tertiary. Given the use of an 
aqueous system, the detection limits of this scheme showed great 
advantage over the derivitization methods in use for the detection of 
tertiary amines. 
Also evaluated in this study were diamines such as hydrazine; 
cyclic amines piperdine and piperazine; the aromatic amines aniline 
and diphenylamine; aromatic phosphorous analogs such as 
triphenylphosphine; and oxalic acid. The aromatic substituted amines 
generated no chemiluminescence at any of the pH 's examined. 
However, the reactions with phosphines did chemiluminesce but at a 
lower intensity than the aliphatic amines. 
Further developments of Danielson's [Ru(bpy)3]2+ work involved 
the chemiluminescent detection of amino acids, peptides, and 
proteins in similar FIA systems (15). Detection limits for some 21 
amino acids were reported, ranging from 20 pmoles of praline to 50 
nmoles of asparagine. In general, amino acids containing secondary 
amines yielded the strongest responses. Danielson has also 
demonstrated the use of similar chemiluminescent systems in the 
detection of antibiotics with aliphatic tertiary amines on their 
structure such as erythromycin and clindamycin (16). 
14 
The utility of [Ru(bpy)3]2+ as a light emission sensitizer in 
analytical applications is clearly demonstrated by these examples. 
Unfortunately, [Ru(bpy)a][Cl2] is an expensive reagent, and it is 
typically discarded down the waste line. An immobilized 
electrochemiluminescent Ru(ll) reagent would reduce analysis costs 
and would simplify the design of analytical chemiluminescent 
detectors. The primary objective of the research presented here is 
to develop an immobilized ruthenium bipyridine complex that will 
chemiluminesce after an analyte has come into contact with it, and 
then be regenerated into its reactive form. 
15 
B. Immobilization of Ruthenium Complexes: Electropolymerization. 
Chemical modification of electrodes has become an important 
area of investigation in recent years. While the negative or positive 
consequences of adsorption of ions and molecules on working 
electrodes has been part of the science of electrochemistry since 
its beginning, modified electrode research originates from the late 
1970's (17). The essential difference for modified electrodes is that 
one deliberately seeks in some rational fashion to immobilize a 
compound on an electrode surface so that the electrode thereafter 
displays the chemical, electrochemical, optical and other properties 
of the immobilized molecule(s), or new properties not characteristic 
of the molecule or the electrode alone. (18). The compound attached 
to the electrode is almost always electroactive: able to exchange 
electrons with the underlying electrode and be oxidized or reduced. 
An important objective of a chemically modified electrode is that 
the immobilized substance on its working surface displays 
properties and reactivities similar to the non-immobilized state. 
This objective also applies for the immobilized compound being held 
in either the oxidized or reduced state. Electrode materials which 
have been modified with electrochemically active films include 
platinum, glassy carbon, and optically transparent surfaces such as 
indium-tin oxide and titanium dioxide (19). Modified electrodes are 
characterized using cyclic voltammetry, spectroscopic techniques, 
and by direct observation through electron microscopy. 
In addition to Alan Bard, characterization of vinylbipyridine 
complexes of ruthenium and their polymer forms has been a 
1 6 
collaborative as well as individual work of Hector Abruna, Thomas 
Meyer, and Royce Murray. Hundreds of complexes have been , 
investigated due to the possible combinations involving the 
ruthenium center and the pyridine nitrogen ligand. The significant 
characteristics of redox polymer films on electrodes include ionic 
conductivity, permeability, charge transport, charge conditions in 
the redox center, and the reactivity of the polymer film. Perhaps the 
most important property of the polymer with regards to 
chemiluminescence is charge transport. Modified electrodes have 
been utilized in applications such as electrocatalysis/fuel cell 
research (20), artificial photosynthesis, analytical determination of 
metals (21 ), preferential extraction and concentration of molecules, 
and solar energy conversion. The principal routes to immobilization 
of compounds on electrode surfaces are through chemisorption, 
covalent bonding, film deposition, and electropolymerization (22). 
Several successful experiments have been performed with 
regards to the chemisorption of [Ru(bpy)3]2+ for analytical 
chemiluminescent applications. Bard (23) prepared a polymer-coated 
modified electrode consisting of pyrolitic graphite coated with a 
layer of the perfluorinated cation-exchange polymer Nation. 
-(CF2CF2)x(CFCF2)v-
f 
O-(C3Fs)-O-CF2CF2-S03-Na+ 
NAFION® 
The polymer-coated electrode was then immersed for 10-1.? min. in 
a 5 mM solution of [Ru(bpy)3][Cl2]. The [Ru(bpy)3]2+ became bound 
electrostatically to the Nation. This modified electrode was then 
incorporated in an electrochemical cell with aqueous 0.2 M Na2S04. 
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The electrode demonstrated the characteristic cyclic voltammetric 
behavior of the Ru(bpy)33+12+ couple in free solution. When the 
potential of the modified electrode in an aqueous solution of 50 mM 
Na2C204 and 0.2 M Na2S04 was stepped to + 1.4 V, a constant, very 
intense orange luminescence was observed. Bard also generated 
'• 
chemiluminescence at the Nation electrode by pulsing between the 
oxidation and reduction potentials in a 20% acetonitrile solution 
with supporting electrolyte. The [Ru(bpy)3]2+/Nafion electrode also 
produced chemiluminescence after being oxidized in acidic KMn04 
and then immersed in concentrated aqueous oxalate. Nafion 
incorporation has since proven to be a standard technique in the 
immobilization of ruthenium complexes. Timothy Nieman and 
Therese Downey of the University of Illinois (24) reported at the 
1991 Pittsburgh Conference the development of a Nafion based 
regenerating chemiluminescent sensor utilizing [Ru(bpy)3]2+. 
However, the system cannot be considered a permanent incorporation 
when used in chromatographic systems. The potential exists for the 
ruthenium complexes to diffuse out of the Nation due to mobile 
phase counter-ion competition. Nation is very resistant to chemical 
attack, but in aprotic solutions rapid dissolution of the polymer can 
take place. 
Another means of immobilizing [Ru(bpy)3]2+ for analytical and 
electrochemical use can come from covalent bonding. In an 
investigation of its photoelectrochemical properties, Gosh and Spiro 
(25) covalently attached bis(2,2'-bipyridine)(4-ethenyl-4'-methyl-
2,2'-bipyridine) rutheniu m(l I) bis(hexafluorophosphate), 
[Ru(bpy)2(vbpy)][PF6]2 to an n-type Sn02 optically transparent 
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electrode. The reaction involved derivatizing the ethenyl group with 
trichlorosilane into a trichlorosilylethyl entity and attaching the 
compound to the plate via condensation of surface hydroxyl groups. 
While chemiluminescent properties were not formally investigated 
in the experiment, cyclic voltammetry indicated easy oxidation of 
the attached [Ru(bpy)2(vbpy)]2+ into the +3 state. The coated 
electrode also demonstrated a viable excitation spectrum with 
maximum absorption band at 452 nm. 
An additional approach by Bard (26) to immobilize [Ru(bpy)3]2+ 
on an electrode involved the incorporation of the ruthenium monomer 
into polymeric films of 2,2-bipyrazine (bpz) and [Ru(bpz)3]2+. A 
glassy carbon electrode was utilized in a cell containing a solution 
of 1 mM [Ru(bpz)3][Cl2], and the potential was cycled between 2.4 and 
0.6 V for 2 to 30 minutes at 5 V/sec. The treated electrode was then 
placed in a cell containing [Ru(bpy)3]2+ and cycled between 1.5 and 
0.6 V at 100 mV/sec. The [Ru(bpy)3]2+ was incorporated into the 
polymer film during the oxidative cycling. When this ruthenium 
modified electrode was placed in a cell with a degassed solution of 
1 mM oxalate and held at the +3/+2 oxidative potential, a low 
intensity electrogenerated chemiluminescence was observed. 
While the functionality of the above immobilization schemes 
for [Ru(bpy)3]2+ has been demonstrated, there are some drawbacks to 
these methods. Covalent attachment of the complex through 
silanation is a synthetically tricky approach. As with Nafion, there 
is an eventual diffusion risk for [Ru(bpy)3]2+ incorporated into 
polymeric [Ru(bpz)3]. Nevertheless, an approach using 
electroinitiated polymerization could be a relatively simple means 
1 9 
of immobilizing the complex as well as having long term stability on 
the electrode surface. 
Electroinitiated polymerization of ruthenium complexes has 
been an area of significant interest for the past ten years. The 
modification of electrode surfaces with compounds such as tris(4-
vinyl-4'-methyl-2,2'-bipyridyl) ruthenium (11), [Ru (vbpy)3]2+ has been 
central in the investigation of the fundamental concepts of charge 
transfer and charge transport processes in thin films. Meyer, Murray, 
and coworkers were the first to investigate the properties of 
electropolymerized ruthenium complexes containing the (vbpy) 
ligand (19). Figure 5 presents an example of cyclic voltammetry for 
an immobilized compound. 
Bard (27) also demonstrated the immobilization application by 
means of direct electropolymerization onto an electrode surface. 
The polymer was prepared by electroreduction of [Ru(vbpy)3]2+ in an 
acetonitrile solution onto a 3 mm X 3 mm platinum flag electrode. 
When the modified electrode was placed in an acetonitrile solution 
with supporting electrolyte and pulsed at a frequency of 0.5 Hz 
between +1.5 and -1.5 V, luminescence was observed by a PMT at the 
electrode surface. This surface polymer luminescence had a duration 
of about 20 minutes under continuous pulsing. Luminescence was 
also demonstrated by pulsing the bare electrode in a 1.0 mM 
[Ru(vbpy)3]2+ monomer solution. Bard indicated that the loss of 
polymer chemiluminescence properties was probably associated 
with instability of the reduced forms of [Ru(vbpy)3]2+ in polymers 
containing immobilized [Ru(vbpy)3]2+ centers. This experiment was 
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the first, and only one to this point, to report chemiluminescence in 
a ruthenium(ll) vinyl polymer complex. 
In light of Bard's results the research presented here continues 
investigating the application potential of electropolymerized 
[Ru(vbpy)3]2+ for use as an immobilized redox-active film in the 
proposed chemiluminescent detector system. At first glance the 
[Ru(vbpy)3]2+ polymer may be a well suited film for electrqgenerated 
chemiluminescence. Abruna (19) reported that [Ru(vbpy)3]2+ was 
noted to be able to deposit a film 100 times thicker than monovinyl 
system films. However, there are some difficulties in the polymer 
system to be considered. Bard's report of loss of luminescence and 
lack of stability for this polymer present a need for other complexes 
to be considered. Abruna (19) also reported that complexes with only 
one vinyl substituent are difficult to polymerize and are best suited 
for co-polymerization with di- and tri-vinyl systems. Nevertheless, 
Guarr and Anson (28) recently produced a monovinyl electroactive 
film with a facile electropolymerization mechanism. That complex, 
bis(1, 1 O-phenanthroline)(4-vinyl-4'-methyl-2,2'-bipyridine) 
ruthenium(ll), [Ru(phen)2(vbpy)]2+ is the other film evaluated in this 
research. Elfring and Crosby (29) have demonstrated the 
chemiluminescent properties of the analog [Ru(phen)2(bpy)]2+. 
Therefore the polymeric complex might show luminescence 
properties as well. 
The mechanics of polymerization have a significant impact 
upon the facilitation of chemiluminescence. In [Ru(vbpy)3]2+, 
polymerization is considered to take place via a two-electron vinyl-
vinyl attack. Due to cross linking in the polymer, most of the redox 
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Figure 5. Cyclic voltammetry of a ruthenium vinyl-pyridine complex. 
From ref. 19. 
sJ 
t 
'c 
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Cyclic voltammograms in 0.1 M TEAP/acetonitrile: Curve A, 
first seven cyclical potential scans between O and -1.8 V vs. SSCE of 
a Pt electrode in an 0.5 mM solution of [Ru(bpy)2(vpy)2]+2, S = 5 µA; 
curve B, same electrode as curve A, after continuous scanning for 
0.5 h and transfer to solution containing no dissolved 
[Ru (bpy)2(vpy)CI]+ at 1/10 the current sensitivity, S = 50 µA; curve 
C, a solution of dissolved [Ru(bpy)2(vpy)2]+2 , S = 2.5 µA; curve D, 
same electrode as curve B, in absence of dissolved 
[Ru(bpy)2(vpy)2]+2, scanning in the anodic region, S = 25 µA. 
22 
centers cannot rapidly contact the electrode directly. Kaufman 
(30)et al have presented a mechanism for electron transpo,rt by a 
succession of self-exchange reactions or site-site electron hopping 
between neighbor redox sites. This system resembles a diffusion 
process. The kinetics and rate of this mechanism are difficult to 
determine, but a significant factor in this step is the movement of 
counter-ions through the polymer as redox takes place. It follows 
that the ability of a polymer to oxidize, reduce, and potentially 
chemiluminesce is a function of metal proximity, film thickness, 
and the nature of the counter-ion. 
An example of a probable polymerization mechanism for 
[Ru(phen)2(vbpy)]2+ is shown in part by equations 24-30. The 
proposed mechanism indicates attack not only at vinyl-vinyl 
positions but also at vinyl-phenanthroline sites (28). 
VINYL-VINYL ATTACK: 
[Ru(phen)2(vbpy)]2+ + e-----) ...... [Ru(phen)2(vbpy.)]+ [24] 
2[Ru(phen)2(vbpy,.)]+ )[Ru(phen)2(vbpy-vbpy-)Ru(phen)2]2+ [25] 
[Ru(phen)2(vbpy-vbpy-)Ru(phen)2]2+ + 2H+ ____ _ 
----..,...>[Ru(phen)2(vbpyH-vbpyH) Ru(phen)2]4+ 
VINYL-PHENANTHROLINE ATTACK: 
[26] 
[Ru(phen)2(vbpy;)]+ + e- ----)£Ru(phen)(phen.)(vbpy;)]0 [27] 
2[Ru(phen)(phen,.)(vbpy;)]0 ____ _ 
----...... ){Ru(phen)(vbpy;)(vbpy-phen)Ru(phen)(phen-.)] 0 [28] 
[Ru(phen)(vbpy;)(vbpy-phen) Ru(phen)(phen;)]0 + H+ ----
----~)'[Ru(phen)(vbpy;)(vbpyH-phen) Ru(phen)(phen;)]+ [29] 
[Ru(phen)(vbpy.)(vbpyH-phen)Ru(phen)(phen-.)]+ -2e----
----7>[Ru(phen)(vbpy)(vbpyH-phen)Ru(phen)(phen)]3+ [30] 
In light of the proven analytical performance of [Ru(bpy)3]2+, it 
is postulated here that when held in an oxidized state the analogous 
electroactive polymers [Ru(vbpy)3]2+ and [Ru(phen)2(vbpy)]2+ will 
have the ability to luminesce in the presence of reducing agents. 
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c. Flow Cell Design for Electrogenerated Chemiluminescence. 
Along with chemiluminescent properties of ruthenium polymer 
complexes, the scope of this research must consider the design of 
the detector flow cell. Once the concept has been proven, the 
identification of a regenerative chemiluminescent polymer will 
enable the fabrication of a simple detector for numerous high 
performance liquid chromatography (HPLC) applications. At the 
present time most on-line chemiluminescence detection schemes for 
HPLC are operated as post-column reactions that seek to mix column 
effluents with chemiluminescent reagents (31 ). After mixing, the 
two then pass through the observation cell for detection by a PMT. 
At this point, no flow-cell has been designed for on-line 
applications of electrochemiluminescent polymer films. With 
modifications, existing electrochemical flow cells can be useful for 
luminescence detection. A cell designed by Krull (32) for 
photoelectrochemical detection of ketones and aldehydes is the 
basis for this new flow cell (Figure 6). The major modific~tion 
necessary for luminescence requires that the inlet and outlet lines 
travel through the working electrode block. Existing BAS brand thin-
layer electrochemical flow cells are adaptable for the proposed 
flow-cell design. A quartz plate must be inserted as the top of the 
flow cell compartment to allow light to reach the PMT. A dual 
working electrode block could be set in parallel in order to maximize 
the polymer surface area. The new flow cell is shown in Figure 7. 
Unlike normal HPLC electrochemical detection, an increase in 
working electrode surface area is not expected to increase signal 
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Figure 6. Modified flow-through, thin layer, BAS type single 
electrode amperometric cell for HPLC or FIA photoelectrochemical 
detection. From ref. 32. 
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Figure 7. Proposed flow-through, thin layer, BAS type amperometric 
cell for HPLC or FIA photoelectrochemical detection using 
electropolymerized ruthenium complexes. 
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noise. Nevertheless, an increase in area would increase 
chemiluminescent output. The auxiliary electrode would be placed 
along the outlet line. The cell must also be adaptable to conducting 
research with different working electrodes (glassy carbon, indium 
doped-tin oxide) and reference electrodes (silver wire, SCE, SSCE). 
An interesting aspect of this design is the possibility of performing 
the electropolymerization within the cell by flowing ruthenium 
monomer through the cell and scanning cathodically. 
Testing of polymer and detector cell would include polymer 
stability and lifetime studies in ionic aqueous solutions with 
repetitive analyte injections. Electrical conditions to be 
investigated include film lifetime as a function of scanning 
potentials and set potentials. The prototype detector would easily 
connect to a FIA system in order to accomplish these initial 
evaluations. 
CHAPTER 2-Experimental 
A. Chemicals 
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Spectrophotometric grade acetonitrile (Aldrich Chemical Co., 
Milwaukee, WI) was additionally dried by refluxing over calcium 
hydride and storing over 4A molecular sieves (Aldrich). Tetra ethyl 
ammonium perchlorate [TEAP] (GFS Chemical, Columbus, OH) was 
utilized as a supporting electrolyte. Aqueous solutions were 
prepared using deionized water from a Millipore Milli-Q water 
system (Waters Assoc., Milford, MA). Small samples of solid 
[Ru(phen) 2 (vbpy)][PFa]2 and the ligand 4-methyl-4'-vinyl-2,2'-
bipyridine (vbpy) were provided by Dr. Tom Guarr of the University of 
Kentucky. Additional ligand (vbpy) was also produced in house by 
Gary Brown of Eastern Illinois University. [Ru(bpy)3][ Cl2]•6H 20 was 
used as obtained from GFS Chemical Co. RuCl3• 3H20, 4,4'-dimethyl-
2,2'-bipyridine, and N,N-dimethylformamide (DMF) were used as 
obtained from Aldrich Chemical Co. Sodium oxalate, lead dioxide, and 
other common chemicals were obtained from Aldrich Chemical and 
were reagent grade. 
B. Instrumentation 
Electrochemical polymerization of the compounds was 
performed in a single compartment cell (BAS, Inc. W. Lafayette, IN) 
with a platinum wire counter electrode and either aqueous saturated 
sodium chloride calomel electrode (SSCE)(BAS, Inc.), saturated 
calomel electrode (SCE)(BAS, Inc.) or silver wire electrode (BAS, 
Inc.), as reference electrodes. The working electrodes included a 
platinum disc electrode and a glassy carbon disc electrode (both 
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BAS, Inc.). Optically transparent indium-tin oxide plates (Delta 
Technologies, Stillwater, MN) were also utilized as working 
electrodes. The electrochemical instrumentation included a PAR 
model 173 Potentiostat, a Model 175 Universal Programmer, and a 
Model 179 Digital Coulometer (EG &G, Princeton, NJ). An X-Y recorder 
(Houston Instruments, Bellaire, TX) was attached to the 
instrumentation to record cyclic voltammograms. Fluorescence 
experiments were performed at ambient temperature on an Aminco-
Boman model spectrophotofluorometer (Urbana, IL), and recorded on 
an X-Y recorder. Absorbance spectra were recorded on Shimazdu UV-
3100 (Kyoto, Japan) and Beckman DB-G spectrophotometers 
(Beckman Instruments, Fullerton, CA). Nuclear magnetic resonance 
spectra were recorded on a General Electric QE-300 FT-NMR (GE NMR 
Instruments, Fremont, CA). 
C. Procedures 
Synthesis of additional vbpy was accomplished by Gary Brown 
using the improved method reported by Abruna (33). In this 
procedure, 4,4'-dimethyl-2,2'-bipyridine was dissolved in 
tetrahydrofuran (THF) and added drop-wise to a solution of 
diisopropylamine, THF, and n-butyl lithium at 0°C. The resulting 
reaction mixture was brought into contact with a solution of 
(chloromethyl)methyl ether in dry THF, stirred for 30 minutes, 
quenched with water, and extracted with diethyl ether. From the 
ether extract 4-methyl-4'-(methyl ethyl ether) 2,2'-bipyridine was 
isolated. This intermediate was dissolved in THF and reacted at -78 
°C with t-BuOK for 1.5 hours. This reaction mixture was also 
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quenched with water and ether extracted. The required bipyridine 
ligand was isolated from the ether extract. Melting point of this 
product (taken 1 year after synthesis) was found to be 97-102 °C. A 
small amount of white residue in the melting point sample was 
observed to have a melting point beyond 200 °C. Analysis of. the 
product by proton NMR confirmed the presence of the vinyl group 
(Figure 8). The location of major peaks in the proton NMR matched 
the assignments reported for this ligand by Gosh and Spiro (25). 
After obtaining the vbpy ligand, synthesis of the 
[Ru(vbpy)3][(PFs)2] complex was completed by following the 
procedure of Braddock and Meyer (34). This procedure involved 
reacting a stoichiometric amount of ligand with RuCl3 in DMF for 3 
hours under reflux conditions. The resulting reaction mixture was 
rota-evaporated to a minimum volume, chilled in an ice bath, and 
precipitated with an excess of ammonium hexafluorophosphate. The 
resulting ruthenium complex was solvented in acetone, and ran 
through a Sephadex 20 (Aldrich) column to remove impurities. The 
fractions were recrystallized in diethyl ether, collected in a vacuum 
frit, and vacuum dried (35). Figure 9 presents the UV/Vis spectrum 
of the complex. The spectrum closely resembled the results seen for 
[Ru(bpy)3][ Cl2] type complexes (1 ). 
Electropolymerization of the ruthenium vinylbipyridine 
complexes was accomplished in a fairly straightforward manner. A 
0.4 mM solution of the monomer was prepared in 30 ml of dry 
acetonitrile. This stock solution was stored in brown glass, under a 
parafilm seal and out of lighted conditions in order to prevent 
photodecomposition of the complex. When readied for use in the 
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electrochemical cell, 1 O ml of stock solution was transferred into 
the glass vial of the cell (Figure 10). Electrolyte (0.1 M TEAP) was 
dissolved in the cell. The three electrodes were set into position, 
the cell was covered, and gas lines set into place. The solution was 
degassed for approximately 5 minutes with nitrogen gas dried over 
calcium chloride. The cell was then turned on, and the potential of 
the cell was cycled through a cathodic wave between 0.0 and -1.8 V 
at a rate of 100 mV/second. Within 10 cycles an orange film could 
be seen depositing on the polished surface of the electrode. 
Polymerization was usually halted after 30 minutes of cycling. This 
procedure was effective for platinum, glassy carbon and indium-tin 
oxide working electrodes using both the [Ru(vbpy)3][PF6]2 and the 
[Ru(phen)2(vbpy)][PFs]2 complexes. 
The indium-tin oxide electrode plate required some adaptation 
for the electroanalytical cell prior to use. An electrical lead had to 
be attached to the conductive surface of the plate in order to make 
the connection as the working electrode to the potentiostat and the 
programmer. A conductive adhesive, Nickel Print (GC Electronics, 
Rockford, IL) was used to attach a copper wire to the conductive 
surface. Polymerization was accomplished with this adhesive as the 
connector, but the material was subject to salvation by acetonitrile 
vapors. Direct attachment of the alligator clip to the plate also 
served as a suitable connection. 
The methodology for observing the polymer while it was 
attached to the surface of the working electrode evolved during the 
course of the research. In the early stages of the project and 
throughout the evaluation of the [Ru(phen)2(vbpy)][PFs]2 polymer, a 
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square mirror was placed under the glass bottom of the cell in order 
to reflect out to the human eye the image of the button surface of 
the working electrode. This system proved to be tedious and 
awkward to use. Based upon a cell design for EXFAS analysis of 
polymer surfaces on chemically modified electrodes by Abruna (36), 
a cell was fabricated for direct, magnified observation of the 
polymer on the electrode (Figure 10). A one-hole rubber stopper was 
used to mount the working electrode in an upward-facing position. A 
glass test tube was cut in half and sealed by the stopper creating 
the cylinder of the cell. The auxiliary and reference electrodes were 
hung over the top edge of the cell. The entire assembly when held by 
a clamp on a ring stand was able to fit under the optics of a stereo 
microscope (Fisher Scientific, Pittsburgh, PA) having 1 SX and 45X 
power. Thus it was possible to visually observe the surface of the 
electrode with complete clarity. The observation cell could also be 
used for observing the process of electropolymerization as well as 
potential chemiluminescence emitting from the polymer. " 
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Figure 10. Electrochemical cell arrangements. 
A. Typical arrangement for electropolymerization. 
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CHAPTER 3-Results and Discussion 
A. [Ru(phen)2(vbpy)][PFs]2 
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Figure 11 shows the result of cycling the potential applied to a 
platinum electrode in a 0.5 mM solution of complex in 0.1 M 
TEAP/acetonitrile between 0 and -1.8 V vs SCE. The continuously 
growing voltammetric waves demonstrate the deposition of the 
polymeric form of [Ru(phen)2(vbpy)][PF6]2 in monolayers on the 
platinum surface. After continuous cycling of the working electrode 
at 0.1 V/sec for 15 minutes the platinum electrode was removed 
from the cell and a bright orange coating was observed covering the 
surface of the platinum disc. The electrode was washed with dry 
acetonitrile and the orange coating continued to adhere to the 
surface of the electrode. This electrode was designated Pt/poly-
[Ru(phen)2(vbpy)]. 
Figure 12 presents a cyclic voltammogram of Pt/poly-
[Ru(phen)2(vbpy)] in fresh 0.1 M TEAP/acetonitrile between O and 
+ 1.25 V versus SCE. The response of Pt/poly-[Ru(phen)2(vbpy)] to 
these conditions was not the clear oxidative wave expected for the 
+3/+2 transition, such as seen in Figure 5. This degenerating 
oxidative wave was the general result for all polymerization 
attempts with Pt/poly-[Ru(phen)2(vbpy)]. In retrospect the scan 
should have gone out to a more positive potential, but it was clear 
that in this condition the polymer was being stripped from the 
electrode with each cyclic wave. 
The electrode Pt/poly-[Ru(phen)2(vbpy)], was placed into an 
electrochemical cell containing fresh 0.1 M TEAP/acetonitrile. The 
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potential on Pt/poly-[Ru(phen)2(vbpy)] was then pulsed at a 
frequency of 0.5 Hz between + 1.5 and -1.5 V versus SCE. This 
experiment was an attempt to create an annihilation reaction 
between the electrogenerated + 1 and +3 metal centers. In a darkened 
room, there was no visible chemiluminescence from the surface of 
Pt/poly-[Ru(phen)2(vbpy)]. Pulsing Pt/poly-[Ru(phen)2(vbpy)] at 
frequencies greater than 0.5 Hz also failed to show observable 
chemiluminescence. 
Pt/poly-[Ru(phen)2(vbpy)] was subsequently placed into a cell 
containing an aqueous solution of 0.1 M H2S04 and held at a constant 
potential of + 1.5 V versus SCE. A solution of 4.0 mM sodium oxalate 
was injected into the cell. With the room darkened and visually 
observing the surface of Pt/poly-[Ru(phen)2(vbpy)], no 
chemiluminescence could be seen under these conditions. In a slight 
variation of experimental conditions, solid crystals of sodium 
oxalate were placed into the cell while Pt/poly-[Ru(phen)2(vbpy)] 
was being held at the + 1.5 V potential. No chemiluminescence was 
observed while these crystals were dissolving in the aqueous media 
of the cell. 
Polymerizations were then attempted using a glassy carbon 
(GC) electrode. Figure 13 shows the results of cycling a GC electrode 
in the same solution used to create the cathodic wave in Figure 11, 
using the same parameters noted for Figure 11. This result also 
indicated successful reductive polymerization on the larger GC 
surface. This working electrode was designated as GC/poly-
[Ru(phen)2(vbpy)]. The oxidative wave for GC/poly-[Ru(phen)2(vbpy)], 
shown in Figure 14, indicates a much improved result for having the 
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+3 state available on the electrode surface. However, when GC/poly-
[Ru(phen}2(vbpy}] was subjected to the conditions of the annihilation 
pulsing reaction, no chemiluminescence was observed. Holding 
GC/poly-[Ru(phen}2(vbpy}] at a constant oxidative potential and 
adding sodium oxalate in a similar fashion to the cell also showed no 
visual chemiluminescence. 
The lack of chemiluminescence in the polymeric state led to an 
investigation of the luminescence properties of the monomer 
complex in solution. Figure 15 presents the excitation and emission 
spectra of [Ru(phen}2(vbpy}][PF6]2 in acetonitrile. The emission 
spectrum for the complex shows an intense fluorescence maximum 
at 600 nm for excitation at 450 nm. This result showed that, 
provided with the proper excitation source and environment, the 
complex would luminesce. 
Evaluation of the chemiluminescent properties of the monomer 
complex in solution was attempted by means of recreating the 
conditions in Bard's light-generating device (11 ). The acetonitrile 
. solution of [Ru(phen}2(vbpy}][PFs]2 was diluted with 0.2 M H2S04 to 
create a 50:50 solution. This solution was mixed with solid Pb02 
chemically oxidizing the ruthenium into the +3 state. The solution 
was centrifuged and the oxidized solution transferred into a clean 
test tube. The visible color of the solution had changed from a deep 
orange to a pale yellow-green. Figure 16 shows the percent 
transmittance spectra of this solution in both the +2 state and the 
+3 state. After moving the solution into a darkened room, solid 
sodium oxalate was poured into the test tube. No chemiluminescence 
was observed. However, the visible color of the solution had 
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Figure 15. Excitation and emission spectra of [Ru(phen)2(vbpy)][PFs]2 
0.25 mM in acetonitrile. 
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Figure 16. Percent transmittance spectra of oxidized and reduced 
[Ru(phen)2(vbpy),][PF.sl2. ,curwe A: '42 state solution. Curve 18, aften l j _J 
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returned to the deep orange of the +2 state. As a control, a 50:50 
acetonitrile/water solution of 0.5 mM [Ru(bpy)3][ Cl2]•6H20 was 
prepared and oxidized in the same manner. Here the visible color of 
the solution changed through oxidation from orange to a deep green. 
When solid sodium oxalate was poured into the solution, a bright 
orange chemiluminescence emitted from the solution, lasting more 
than a few seconds. At the end of the emission, the color of the 
solution had returned to the orange associated with the +2 state. 
B. [Ru(vbpy)3][PFsfa. 
Figure 17 shows the result of cycling the potential applied to a 
platinum electrode in a 0.5 mM solution of [Ru(vbpy)3][PF6]2 in 0.1 M 
TEAP/acetonitrile between O and -1.8 V vs SCE. Scan speed was 0.1 
V/sec. Polymerization was again evident on the electrode surface 
after this operation. This electrode with polymer was designated as 
Pt/poly-[Ru(vbpy)3]. For the oxidative cycle, Pt/poly-[Ru(vbpy)3] 
performed significantly better for producing a stable +3 state on 
platinum than Pt/poly-[Ru(phen)2(vbpy)] (Figure 18). This result 
provided additional evidence that the complex contained all pyridine 
nitrogens surrounding the ruthenium center (1 ). When held in the +3 
state the visual color of Pt/poly-[Ru(vbpy)3] would change from 
orange to yellow-green. The potential on Pt/poly-[Ru(vbpy)3] was 
then pulsed at a frequency of 0.5 Hz between + 1.5 and -1.5 V versus 
SCE. With the room darkened the surface of Pt/poly-[Ru(vbpy)3] was 
visibly observed under the 45X power microscopic field. No 
chemiluminescence could be seen under these conditions. However, 
when observing an illuminated surface of Pt/poly-[Ru(vbpy)3] during 
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the annihilation reaction, the surface color could easily be seen 
changing from yellow-green at positive potentials to dark red during 
negative potentials. 
Pt/poly-[Ru(vbpy)3] was then set into a cell containing an 
aqueous solution of 0.1 M H2S04 and held at a constant potential of 
+ 1.5 V versus SCE. With 4.0 mM sodium oxalate in the cell and 
observing Pt/poly-[Ru(vbpy)3] in the 45X microscopic field, no 
chemiluminescence was seen. The same result was evident when 
solid sodium oxalate was placed into the cell. 
In order to address the possibility that a polymer with more 
mass on the electrode was needed to enhance the process of 
chemiluminescence, a relatively thick polymer was grown on 
platinum through reductive cycling for 1 hour. Setting this electrode 
in dry acetonitrile with TEAP and performing the annihilation 
experiment showed no chemiluminescence. Observations of this 
thick polymer were made holding the potential at a constant +1.5 V. 
The polymer appeared to stay orange even though positive current 
was flowing through the coulometer. After 15 minutes of constant 
voltage there was no change in the surface color of the polymer. 
Believing that the oxidation process was not reaching the entire 
polymer, the voltage was manually stepped up by increments of 0.5 
V. As the voltage increased, this polymer began to change color from 
orange to the yellow-green. At 3.0 V the change was complete. 
However, the volume of the polymer had expanded during the process 
to the point that it was distended in various areas and it was being 
stretched off the electrode surface. This expansion was expected 
due to the inclusion of counter-ions from the electrolyte into the 
49 
polymer matrix. Once bare platinum was exposed to the acetonitrile 
at these potentials, gas bubbles were created, and the polymer was 
lifted off the electrode. 
Noting such difficulties with thick polymers, an evaluation of 
surface conditions for a very thin polymer of Pt/poly-[Ru(vbpy)3] 
was attempted. Under microscopic observation, a polymer was 
reductively created using the minimum number of cycles necessary. 
Usually this process took no more than 1 O cycles to accomplish. This 
thin film of Pt/poly-[Ru(vbpy)3] was set in a cell in dry acetonitrile 
with TEAP and pulsed between O and + 1.5 V using a slower frequency 
than the annihilation experiment. Through this pulsing the change in 
color on the electrode was completely apparent and instantaneous 
for both directions of potential. When the conditions were set on 
this electrode for performance of the annihilation experiment, no 
chemiluminescence was observed. 
It was possible that chemiluminescence was being quenched 
from an interaction of the platinum electrode with the ruthenium 
metal centers. Therefore, GC/poly-[Ru(vbpy)3] was created and 
evaluated using the same procedures and parameters noted 
previously. Figures 19 and 20 present the reductive waves" 
associated with polymerization and the oxidative couple of the 
GC/poly-[Ru(vbpy)3]. Again, no chemiluminescence was observed in 
either the annihilation experiment or exposing the + 1.5 V surface of 
GC/poly-[Ru(vbpy)3] to sodium oxalate. 
With the lack of success on platinum and glassy carbon, a final 
electrode surface was evaluated. Indium-doped tin oxide plates gave 
a macroscopic surface area for observation. Reductive 
Figure 19. 
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polymerization of the [Ru(vbpy)s] complex onto the plates under the 
same conditions used with platinum and glassy carbon was 
., 
achievable. However, recording of cyclic voltammograms could not 
be achieved, most probably due to the quality of connection between 
the plate and the lead by the nickel print. Polymer was clearly 
deposited on the plate, and it was designated ITO/poly-[Ru(vbpy)s]. 
Figures 21 and 22 show absorption spectra for a blank plate and 
ITO/poly-[Ru(vbpy)s] in water, respectively. When the plate was held 
at 1.5 V in dry acetonitrile and TEAP, the visible color of the 
polymer changed to the yellow-green. Subjecting ITO/poly-
[Ru(vbpy)s] to the annihilation experiment showed no 
chemiluminescence. Holding ITO/poly-[Ru(vbpy)s] at +1.5 Vin 0.1 M 
H2S04 and exposing it to sodium oxalate also yielded the same 
negative results. 
With the large surface area of polymer now available on 
ITO/poly-[Ru(vbpy)3] an evaluation was made of its fluorescent 
properties. Figure 23 presents the emission spectrum of ITO/poly-
[Ru(vbpy)3] from excitation at 470 nm (Curve A). Curve B in the 
figure is the spectrum of a blank ITO plate. There appears to be 
emission from the plate with polymer, but its maximum is 
significantly red-shifted by nearly 50 nm versus the established 
maximum seen for non-polymerized ruthenium complexes of this 
kind. Additionally, the blank plate may be contributing to the 
emission maximum. The intensity difference between the two curves 
is generally reproducible over several runs, but not exactly 
reproducible. Differences in the position of the plate in the 
excitation field may be responsible for these variations. 
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As with [Ru(phen)2(vbpy)][PFsfa, an evaluation was made of the 
chemiluminescence properties of the [Ru(vbpy)s][PF6]2 monomer 
complex in solution. A 50:50 acetonitrile/water solution of 
[Ru(vbpy)s][PFsfa using 0.2 M H2S04 was prepared. The solution was 
chemically oxidized with Pb02. The visible color of the solution 
changed from orange to yellow-green. When solid sodium oxalate 
was poured into the oxidized solution, a very faint and immediate 
chemiluminescence could be discerned. The visible color of the 
solution returned to orange. The chemiluminescence was 
significantly lower in magnitude and duration than that yielded by 
the oxidation of [Ru(bpy)3][Cl2]•6H20. The chemiluminescence of 
[Ru(vbpy)s][PFsfa was also not as reproducible as that from the 
oxidized [Ru(bpy)s][Cl2]' 6H20. 
C. Spectral differences between [Ru(bpy)3][Cl2] and [Ru(vbpy)s][PF6]2 
Noting the different chemiluminescence performance of 
[Ru(bpy)s][Cl2]• 6H20 versus [Ru(vbpy)s][PFsfa, and being aware of the 
significant differences in the visible colors of the +3 state between 
the two oxidized solutions, a spectroscopic evaluation of both 50:50 
solutions in oxidized and reduced states was performed. Figures 24 
and 25 present the absorption spectra of 0.5 mM [Ru(bpy)s][Cl2]•6H20 
and [Ru(vbpy)s][PF6]2, respectively. Solutions of oxidized 0.5 mM 
[Ru(bpy)s][Cl2] have demonstrated chemiluminescence with oxalate. 
Both complexes appear to be very similar, both in absorptivity as 
well as the maximum absorbance wavelength. Figures 26 and 27 
present the same respective solutions after they had been 
chemically oxidized by solid Pb02. In both solutions the 450 nm 
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absorption maximum disappears. However, both spectra clearly 
differ in the scan between 500 and 400 nm. The oxidized [Ru(bpy)3][ 
Cl2]•6H20 has a lower absorptivity in this area and presents a small 
but sharp maximum at 420 nm. This result is consistent with 
literature values for oxidized [Ru(bpy)3][C12] (1 ). The oxidized 
[Ru(vbpy)3][PFs]2 has a much higher absorptivity and is flat at the 
matching 420 nm area. 
Also apparent at this point was that unlike [Ru(bpy)3][ Cl2], the 
oxidized [Ru(vbpy)3][PF6]2 solution appeared to be reduced by water 
to the +2 state within a short period of time. Figure 28 presents 4 
consecutive spectra of the same [Ru(vbpy)3][PFsfa sample in the +2 
state (Curve A), immediately after chemical oxidation (Curve B), the 
sample 10 minutes after oxidation (Curve C), and the sample 15 
minutes after oxidation (Curve D). The time elapsed spectra clearly 
shows the oxidized solution reverting to the spectrum of the parent 
+2 state. A similar evaluation of [Ru(bpy)3][ Cl2]•6H20 is presented in 
Figure 29. Curves A & B in this figure are the initial and oxidized 
spectra. Curve C is the sample 20 minutes after oxidation. Twenty 
minutes after oxidation the solution has shown a slight increase in 
absorbance but has kept the same shape as the initial scan of the 
oxidized solution and is visibly green. Curve D was taken 1 min. after 
curve C. 
Fluorescence characteristics of the two solutions were also 
evaluated. Figure 30 presents the excitation and emission spectra of 
0.25 mM [Ru(bpy)3][ Cl2] in 25:75 acetonitrile/0.1 M sulfuric acid. The 
absorption maximum at 500 nm and emission maximum at 585 nm is 
Figure 28. Time-lapsed spectra of oxidized [Ru(vbpy)3][PF6]2 
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clearly apparent. In Figure 31, the spectra of [Ru(vbpy)3][PF6]2 under 
the same conditions and 75:25 acetonitrile/0.1 M sulfuric acid 
indicates a red-shift of both excitation and emission and a 
significantly lower relative fluorescent intensity. Figure 31 is also 
representative of the spectra of the vinyl complex in 100% 
acetonitrile. 
The fluorescence intensity results for the vinyl monomer stand 
mostly on their own merit. Outside of the data presented by Bard in 
his communication of electrogenerated chemiluminescence from the 
polymer (27), the chemical literature to date for [Ru(vbpy)s]2+ 
complexes reports no specific data on the excitation and emission 
spectra of the complex, nor is there work on the luminescence yield 
of the complex in solution, or other studies reporting photophysical 
characteristics. Most work with this compound has dealt with 
electron transfer and physical characteristics of the polymer. 
Overall, there appears to be a significant difference in the 
spectral properties of [Ru(vbpy)s][PFs]2 versus [Ru(bpy)s][ Cfa], 
especially in the appearance and stability of the +3 state. This may 
account for the lack of chemiluminescence in the vinyl complex. The 
potential for achieving the excited state in the vinyl complex 
appears to be available, but the efficiency of its luminescence 
versus [Ru(bpy)s][ Cl2] is clearly less in magnitude. The lack of 
stability seen here in the monomer solution also has equivalent 
results when comparing +3 state stability in the immobilized form. 
Nieman and Downey (24) reported that after oxidizing their 
Nafion/[Ru(bpy)s] electrode, it was able to potentially 
chemiluminesce for some time without having an active oxidative 
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potential applied to the electrode. The results shown here for 
[Ru(vbpy)3] indicated an immediate visible reduction to the +2 state 
as soon as potential was shut off to the electrode. 
With regard to the lack of chemiluminescence shown by 
[Ru(phen)2(vbpy)][PFs]2, less can be said concerning differences in 
spectral properties as the potential cause. Unfortunately, the small 
amount of starting material available for investigation limited the 
scope of the experiments to electropolymerization and 
chemiluminescence. There is no doubt that the complex in solution 
would have been viable for the same type of spectral comparison 
between [Ru(phen)2(vbpy)][PFsl2 and [Ru(bpy)3][ Cl2] because the 
oxidized [Ru(phen)2(vbpy)][PF6]2 shared the same visible appearance 
as oxidized [Ru(vbpy)3][PF6]2. 
In addition, seen here is a notable spectral difference in 
fluorescence between [Ru(phen)2(vbpy)][PFsl2 and [Ru(vbpy)3][PFs]2. 
[Ru(phen)2(vbpy)][PF6]2 also bears a closer resemblance to the 
fluorescence spectra of [Ru(bpy)3][ Cl.2]. This relationship was 
expected as part of the initial basis for the use of the complex 
[Ru(phen)2(vbpy)][PF6]2 in this research. Table 1 lists spectral and 
electrochemical comparisons between [Ru(bpy)3]2+ and 
., 
[Ru(phen)2(vbpy)]2+. Again, as seen with [Ru(vbpy)3][PFs]2, the 
complete photochemical analysis of [Ru(phen)2(vbpy)][PFsfa with 
regard to luminescence yield and potential chemiluminescence has 
yet to be established in the literature at this point in time. 
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Table 1. Spectral and electrochemical data for [Ru(phen)2(vbpy)]1 .. and 
l+ [Ru(bpy)3]. From ref. 1 and 28. 
E112 OJ: E112 red Aab(nm) 
Ru(bpy)32+ +1.22 -1.36 450 
Ru(phen)(bpy)22+ +1.23 -1.36 
Ru(phen)2(bpy 12+ +1.30 442 
Ru(phen)2(vbpy )2+ +1.32 -1.33 452 
Ru(phen)2(vbpy )2+ P + 1.20 -1.30 
P=polymer 
-Balzani, V.; et. al. Coordin. Chem . .Rev. 1988, 84, 85. 
•Guarr, T.; Anson, F. J. Phys.. Chem. 1987, 9.1. 4037.1-
hem( nm) 
606 -
601 -
606 
600 * 
• 
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CHAPTER 4- Conclusions. 
The accomplishments seen in the course of this research 
include the following. Both monomer complexes were able to 
polymerize with ease upon all of the working electrode surfaces. 
Both polymers were able to demonstrate the +3/+2 couple on one or 
all of the electrode types. Water and acetonitrile were both shown 
to be acceptable media for the operation of the polymer in the 
electrical cell. A working observation cell was designed to evaluate 
under magnification, conditions of the polymer. This work helped to 
establish a relationship between polymer thickness and oxidation 
ability. Both complexes showed the potential to achieve the excited 
state in solution, and one showed evidence for the excited state in 
polymer. A protocol for evaluating spectral characteristics of 
candidate complexes prior to polymerization was established. 
The use of [Ru(vbpy)3][PF6]2 as a chemiluminescent detection 
agent in the proposed chromatographic detector does not appear to 
be viable in its present form. This conclusion is due to the lack of 
reproducible, visible chemiluminescence for both the 
electropolymerized state and the solution monomer. The 
chemiluminescence that has been observed using [Ru(vbpy)s][PFs]2 
does not match the intensity and efficiency shown by the prototype 
complex [Ru(bpy)3][ Cl2]. This may indicate that a trade-off exists 
between chemiluminescent ability and electropolymerization 
efficiency. In addition, the use of [Ru(phen)2{vbpy)][PFs]2 also 
presently appears to lack the necessary chemiluminescent 
performance required for the proposed system. 
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The lack of success shown by these complexes in this phase of 
the project does not render the initial concept of the detection 
system invalid. Table 2 indicates that there is a vast array of 
possible related complexes available for chemiluminescence 
investigation using a given metal center. In light of the spectral 
differences seen between [Ru(vbpy)3][PFs]2 and [Ru(bpy)3][ Cl2], future 
investigations should focus on the chemiluminescent properties of 
monovinyl ruthenium complexes. While this may lower the 
polymerization efficiency and be more difficult to synthesize, a 
complex such as [Ru(bpy)2(vbpy)][PF6]2 has demonstrated viable 
photochemical properties (25). Complexes to be investigated should 
undergo spectral and chemiluminescence evaluations versus the 
prototype [Ru(bpy)3][ Cl2] prior to electropolymerization. This 
spectral analysis should also be completed for the complex 
[Ru(phen) 2 (vbpy)][PF6]2 since the consumption of starting material 
prevented such evaluation in this work. Evaluation of polymer 
chemiluminescence should be conducted with the minimum amount 
of monolayers as possible on the electrode surface. This thin film 
will allow the entire polymer ~urface to be immediately oxidized 
without potential damage to the polymer. 
There is also a parallel need in this project to quantify and 
understand the total photochemical properties of vinylbipyridine 
containing complexes. Other approaches that may be viable to 
attempt but are secondary in priority include investigating, 
chemiluminescence using different metal centers and co-
polymerizing the ruthenium complex with other vinylbipyridine 
materials. This approach may show if altering the matrix of the 
Table 2. Possible combinations of known bidentate ligands for 
ruthenium tris type complexes. 
Ru(LL)32+ 
Ru(LL)2(LL")2+ 
Ru(LL)(LL")(LL"")2+ 
200 
38,900 
1.313,400 
Balzani, V. Coordin. Chem. Rev.. 1988, 84, 85. 
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ruthenium centers on the working electrode surface impacts the 
efficiency of the polymer's chemiluminescent process. 
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